Introduction
We previously reported a large-scale integration (LSI)-based amperometric chip device containing 400 sensors with a pitch of 250 μm. [1] [2] [3] [4] [5] The device is based on complementary metal-oxidesemiconductor (CMOS) technology. 1 The detection system, which is designated as Bio-LSI, has been applied for the realtime imaging of enzyme activity 1, 4 and array-based cell analysis. 2, 3 The device consists of 400 sensor points for rapid electrochemical imaging of a large area (25 mm 2 ); therefore, the device is suitable for electrochemical visualization and screening of three-dimensional (3D) cultured cells, such as spheroids, in contrast to electrochemical systems based on probe scanning.
Our previous studies involved the electrochemical evaluation of embryoid bodies (EBs) with diameters of 100 -500 μm from mouse embryonic stem (ES) cells. 2, 3 The EBs were randomly introduced onto the device with a pitch of 250 μm, and the alkaline phosphatase (ALP) activity was successfully imaged. 2, 3 This is useful for evaluating cell differentiation in ES cells, because endogenous ALP is a marker for undifferentiated ES cells. 6 Although the device is useful for the evaluation of cell aggregates, the position of the cell aggregates was not controlled in the device, and the positional relationship between the cell aggregates and the sensor electrodes for electrochemical signals was unclear. Because the pitch between the sensors in the device was 250 μm, the positions of the cell aggregates in the device are expected to influence the electrochemical signals. If the electrochemical signals when a cell aggregate is introduced near a sensor electrode are much higher than those far from a sensor, then the distance between the cell aggregate and the sensor electrodes should be precisely controlled and/or the electrochemical signals from the cell aggregate should be normalized. Thus, comprehension of the positional relationship is necessary for precision measurements.
In the present study, we investigated the positional relationship of cell aggregates and sensor electrodes both experimentally and by simulation. Preliminary simulations and experiments were performed using polystyrene beads to validate the simulation analysis. In these experiments and simulations, the influence of blocking the diffusion of redox compounds by the beads was monitored. After validation of the simulation analysis, the enzymatic products from the ALP reaction in EBs were monitored, and simulation analysis for the electrochemical imaging of enzymatic product diffusion from EBs was performed. In the present study, we monitored the alkaline phosphatase (ALP) activity of embryoid bodies (EBs) of mouse embryonic stem (ES) cells using a large-scale integration (LSI)-based amperometric device with 400 sensors and a pitch of 250 μm. In addition, a simulation analysis was performed to reveal the positional relationship between the EBs and the sensor electrodes toward more precise measurements. The study shows that simulation analysis can be applied for precise electrochemical imaging of three-dimensionally cultured cells by normalization of the current signals.
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Notes
China) on an 8-inch wafer. [1] [2] [3] We modified the surface of LSI chips to prepare Pt electrodes and insulation microwells, and performed the LSI chip mounting. First, a wafer with open contact holes for the aluminum (Al) pad was diced to prepare an LSI chip including margins for the following processes. Al pads were used to connect Pt electrodes to an LSI chip. Pt electrodes were fabricated on Al pads, and microwells with 50 μm diameters were fabricated using a negative photoresist (SU-8 3005, MicroChem Corp., USA) to prepare 50 μm diameter Pt disk electrodes (Fig. 1 ). The LSI chip was diced again, and the chip was connected to connector pads on a ceramic substrate (Japan Aviation Electronics Industry, Ltd., Japan). A polycarbonate frame (Japan Aviation Electronics Industry, Ltd., Japan) was then bonded on the substrate in order to keep a sample solution ( Fig. 1(A) ). The device consisted of 400 sensors with a pitch of 250 μm ( Fig. 1(A) ). Each sensor contained an operational amplifier with a switched-capacitor type I-V converter for in-pixel signal amplification ( Fig. 1(B) ). 1 
Electrochemical measurements
A sample solution containing spherical objects was introduced onto the device; also, Ag/AgCl (sat. KCl) reference and Pt counter electrodes were inserted into the solution. In all experiments, chronoamperometry was performed to acquire electrochemical images every 200 ms. During electrochemical imaging, the spherical objects were observed under an optical microscope.
Influence of blocking redox compound diffusion by polystyrene beads
To compare the experimental and simulation results for validation of the simulation analysis, 90 μm diameter polystyrene beads (Polysciences Inc., USA) were used ( Fig. 2(A) ). A solution containing 0.1 M KCl and 1.0 mM ferrocenemethanol (FcCH2OH) was introduced onto the device, and FcCH2OH was oxidized at 0.50 V to acquire electrochemical images. Then, the polystyrene beads were scattered randomly into the solution, and FcCH2OH was oxidized at 0.50 V to investigate the blocking influence. Average currents of between 116.0 and 118.8 s with a potential step to 0.50 V were used for electrochemical images. 
Cell culture
Mouse ES cells (129/SvEv; DS Pharma Biomedical Co., Ltd., Japan) were used to prepare EBs using the hanging drop culture technique. 2, 7 Briefly, 20 μL droplets containing 5000 cells were hung from a dish cover and incubated for 2 days to form EBs.
Electrochemical imaging for ALP activity from EBs
A scheme for the electrochemical imaging of ALP activity on EBs was shown in our previous paper. 2, 3 EBs were introduced using a capillary into an embryo respiration assay medium 2 (ERAM-2; pH 7.3; Research Institute for the Functional Peptides, Japan) containing 4.7 mM p-aminophenyl phosphate (PAPP; LKT Laboratories Inc., USA) on the device. ALP in the EBs converts PAPP to p-aminophenol (PAP), and the PAP is oxidized at 0.30 V as a monitor of the ALP activity (Fig. 2(B) ). 2, 3 Average currents of between 46.0 and 49.8 s with a potential step to 0.30 V were used for an electrochemical image.
Simulation of redox currents
Redox currents at electrodes were calculated using COMSOL Multiphysics software (Ver. 5.0; COMSOL Inc., USA) for simulation analysis. 7 To simplify the simulation analysis, 5 × 5 microwells (50 μm diameter, 5 μm height) were fabricated in a 3D model, and the bottoms of the microwells were used as electrodes. Above the electrodes, a spherical object was prepared. The model is described in detail in Fig. S1 (Supporting Information). To acquire redox currents from the electrodes, the flux of redox compounds on the electrodes was calculated in a static simulation.
To simulate the influences of blocking redox compound diffusion by polystyrene beads, 1 mM FcCH2OH is filled in the simulation model. The diffusion coefficient of FcCH2OH was set to 7.0 × 10 -10 m 2 /s. A spherical object (90 μm diameter polystyrene bead) was placed above the electrode, and the flux of its surface was set to zero. The concentration for FcCH2OH on the electrodes was set to zero during electrochemical detection because the potentials of the electrodes were sufficiently positive. The initial and boundary conditions are described in detail in Fig. S1 . FcCH2OH is oxidized on the electrodes by a one-electron reaction.
For the simulation of electrochemical imaging for the ALP activity on EBs, 0 mM PAP was filled into the simulation model. The diffusion coefficient of PAP was set to 7.0 × 10 -10 m 2 /s. Spherical objects with diameters of 50, 200 and 450 μm, as EBs, were placed above the electrodes. Although the reaction rate of PAP in an EB was set to 0.001 mol/(m 3 s) to produce PAP from the EB in the simulation, the value had no influence on the simulation results, because the current signals from PAP were normalized. To simplify the simulation, the diffusion coefficient of PAP in the EB was set to the same as that in the bulk. The concentration for PAP on the electrodes was set to zero during electrochemical detection because the potentials of the electrodes were sufficiently positive. The initial and boundary conditions are described in detail in Fig. S1 . PAP is oxidized on the electrodes by a two-electron reaction. 
Results and Discussion
Prior to the addition of the polystyrene beads into the solution, an electrochemical image consisting of much the same electrochemical signals was acquired (Fig. 3(A) ). In contrast, the electrochemical signals were low from the sensors of the bottom line, and high from the four sensors around the lower right, compared to those from the other sensors. We thus decided that the sensors did not work well, so the data from these sensors were deleted for the analysis. After adding the beads into the solution, electrochemical currents from the electrodes near the beads were monitored. Figure 3(B) shows that the electrochemical currents from the sensors completely covered with the beads were significantly reduced with respect to the electrochemical currents before the beads were added. In contrast, the electrochemical currents were only slightly reduced when the beads were far away from the sensors (Fig. 3(B) ). Diffusion blocking influence appeared when the distance between the center of the sensors and the beads was less than 75 μm (Fig. 3(C) ). The diffusion blocking influences were then investigated using a simulation analysis (Fig. 3(C) ). The simulation results also indicated that the position of the spherical objects influenced the electrochemical signals from the sensor electrodes, which were very similar to the experimental results. Therefore, a simulation analysis can be applied to investigate the positional relationship between spherical objects and sensor electrodes with respect to the electrochemical signals from the electrodes.
After validating of the simulation analysis, experimental cell analysis was then performed. EBs with diameters of 450 μm were introduced randomly onto the device (Fig. 4(A) ). Figure 4(B) shows that an electrochemical image of ALP activity on the EBs followed the position of the EBs on the device, which indicates that the activity of the EBs was successfully monitored. To examine the positional relationship closely, three EBs (1, 2 and 3 in Fig. 4(A) ) were analyzed. Figure 4 (C) shows illustrations and electrochemical images of the EBs, which confirms that the electrochemical images were dependent on the positions of the EBs. When the highest current among the 3 × 3 electrochemical signals was used for evaluating the ALP activity from the EBs, the ALP activity was estimated to be highest for EB 2, followed in order by EB 3 and EB 1 (Fig. 4(C) ). However, it is unclear whether the highest current should be normalized for a precise evaluation of the ALP activity of EBs. To investigate the positional relationship between the EBs and the sensor electrodes for electrochemical signals, a simulation analysis of ALP activity from EBs was performed (Figs. 4(D) -4(F) ). Figure 4(D) shows simulation results concerning the shape of electrochemical images consisting of 3 × 3 electrochemical signals, which are similar to the experimental results (Fig. 4(C) ), and thus validates the simulation analysis. Figures 4(E) and 4(F) show the relationship between the normalized currents and the distance between the center of the sensor and the EB. The simulation currents were divided by that at x = 0 μm (Fig. 4(F) ) to obtain normalized currents. When 450 μm diameter EBs were placed on the sensors, the simulation current at x = 125 μm was 83% of that at x = 0 μm (Fig. 4(F) ), and the influence of the position was relatively small. The reason for this is that the size of the EBs (450 μm) was larger than the pitch between the sensors (250 μm). Even when current normalization of the experimental results was performed for evaluating the ALP activity, it was estimated that the highest ALP activity was from EB 2, followed in order by EB 3 and EB 1, which is the same order as that before normalization. In contrast, the simulation current at x = 125 μm was 57 and 21% of that at x = 0 μm for EBs with diameters of 200 and 50 μm, respectively (Fig. 4(F) ). These results indicate that the position of the EBs has a significant influence on the electrochemical signals when detecting small samples. In such cases, it is necessary to normalize the currents to obtain precise measurements.
Although microwells are useful for the trapping of cell aggregates so as to control their position on the electrodes, 7 it is time-consuming to customize the size of the microwells to the sizes of the cell aggregates. In contrast, normalization based on simulation analysis can be easily applied to achieve precise measurements.
The Bio-LSI system can also be applied for the electrochemical detection of other targets. For example, the device can be applied to monitor the respiration activity of cell aggregates because dissolved oxygen near cell aggregates can be electrochemically monitored. 8 We are currently performing experiments and simulation analysis for the simultaneous detection of the consumption and secretion of redox compounds.
Conclusions
In the present study, simulation analysis revealed the positional relationship between EBs and sensor electrodes for the electrochemical imaging of ALP activity. It was determined that the current signals should be normalized for precise measurements, especially when detecting small EBs, relative to the pitch of the sensor electrodes. Thus, simulation analysis is useful for the evaluation of 3D cells, such as EBs, using the Bio-LSI device.
